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ABSTRACT Diploidorganismsarebufferedagainsttheeffectsofmutationsbycarryingtwosetsofeachgene,whichallowscom-
pensationifoneismutated.Butrecombinationbetween“mom”and“dad”chromosomescauseslossofheterozygosity(LOH),
stretchesof“mom-only”or“dad-only”DNAsequence,suddenlyrevealingeffectsofmutationsaccumulatedinentirechromo-
somearms.LOHcreatesnewphenotypesfromoldmutations,drivescancerdevelopmentandevolution,and,inanewstudyby
Forche et al., is shown to be induced by stress in Candida albicans [Forche A, et al, mBio 2(4):e00129-11, 2011]. Stress-induced
LOHcouldspeedevolutionof Candidaspeciﬁcallywhenitispoorlyadaptedtoitsenvironment.Moreover,theﬁndingsmay
provideamissinglinkbetweenrecombination-dependentmutagenesisinbacteriaandyeast,suggestingthatbothmightbe
stressinduced,bothmaximizinggeneticvariationwhenpopulationscouldbeneﬁtmostfromdiversity.
E
volutionisatwo-waypullbetweenthegenerationofvariation
in types of individuals in populations and preferential prolif-
eration (“selection”) of those variants best suited to the environ-
ment. This feedback between genome (ultimately mutation) and
environment drives cancer proliferation, pathogen adaptation to
hostdefenses,andantibioticandcancerchemotherapyresistance,
in addition to the origin of species.
In contrast with initial assumptions that mutations accu-
mulateconstantly,gradually,andindependentlyofselectiveenvi-
ronments (1), microbial and other geneticists have discovered
stress-inducible mutagenesis mechanisms in bacteria, yeast, and
human cancer cells (2). These mechanisms increase the mutation
rate speciﬁcally when cells are maladapted to their environment,
that is, when they are stressed, usually via the coupling of a
mutation-generating pathway to one or more normal cellular
stress responses. Stress-inducible mutation mechanisms increase
genetic variation and potentially the ability to evolve and do so in
a manner responsive to changing environments. Various stress-
inducible mutation mechanisms produce point mutations, trans-
positions,geneampliﬁcations,andcopynumbervariations(2).In
arecentissueofmBio,Forcheetal.(3)describeanewtwistonthis
theme. They show that in the pathogenic yeast Candida albicans,
loss of heterozygosity (LOH) is also induced by stress.
LOH is often the pivotal event in generation of variation in
diploid cells. Because diploids have two copies of each gene and
becausemostmutationsarerecessive,newmutationsusuallyhave
littleornoeffect.Theotherchromosomemaskstheirphenotypes.
During LOH, one chromosome, e.g., the “mom” chromosome,
becomes identical to the other, e.g., the “dad,” often over long
stretches, unmasking the phenotypes of previously acquired mu-
tationsinthatregion.LOHfamouslyunderliesthemultihitnature
of cancer development (4), the ﬁrst “hit” being mutation and the
second LOH (5).
A frequent cause of LOH is somatic homologous recombina-
tion (HR) used to repair DNA double-strand breaks and ends
(DSBs/DSEs) (Fig. 1). Three kinds of LOH result from different
HR/DSE repair events: LOH can occur in short chromosomal
tracts by a gene conversion-like process (not shown) and in long
tracts, including whole chromosome arms, by reciprocal recom-
bination (crossover) or by “break-induced replication” (BIR).
Crossover between replicated “mom” and “dad” chromosomes
generatesLOHbecause,insomaticcells,therecombinedchroma-
tids segregate randomly such that a recombined chromatid can
end up in a cell with a wholly mom or wholly dad homologue
(Fig. 1A). BIR is a mechanism that repairs a single double-strand
DNA end (DSE) that forms when a replication fork breaks or
“collapses”(Fig.1B)(6).Inbaker’syeast,theDSEusuallyﬁndsthe
chromosome it broke from, pairs with it, and may copy the entire
length of DNA from the DSE to the telomere. This is usually a
genetically silent event, e.g., a mom DNA end copying the mom
chromosome—but occasionally a mom DNA end pairs with the
dad chromosome and then can copy very long tracts of dad se-
quence, from the DSE to the telomere, producing LOH (Fig. 1B).
LOH can also be caused by whole-chromosome loss, presumably
by failure of segregation.
Forche et al. used elegant genetic assays to distinguish whole-
chromosomeloss(non-HR)andshort-andlong-tract(HR)LOH
eventsatverymanydifferentgenomicsitesindifferentgenetically
markedreporterstrains(3).Theyreportthatoverallabout86%of
spontaneous LOH events in Candida are long tract (HR/DSE re-
pair type), 9% are short tract (HR/DSE repair type), and 5% are
whole-chromosome loss (not HR). HR rules the day. Among the
long-tract events at one locus, they used a sophisticated assay to
capturethefatesofallfourchromatidsafterLOHandshowedthat
most are of the nonreciprocal BIR type (Fig. 1B), which results
from repair of a single DSE.
The authors then applied three different host-relevant stress-
ing treatments to six of the reporter strains and showed that LOH
events are increased dramatically and dose dependently with the
stressors. The LOH events were measured by loss of a moveable
URA3 gene unrelated to the stresses applied. The stressors were
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with fever; oxidative stress, as is launched by host immune cells;
and the antifungal drug ﬂuconazole, an ergosterol biosynthesis
inhibitorusedtotreatCandidainfections.Whereasheatincreased
LOH 1- to 40-fold (an uptick but not statistically signiﬁcant), the
oxidizing agent hydrogen peroxide (H2O2) increased LOH a sta-
tistically signiﬁcant 3- to 72-fold, and ﬂuconazole increased it a
signiﬁcant 285-fold. These stressors increased LOH even at doses
that did not inhibit growth. This ﬁnding, and their ﬁnding of
increased LOH at many different unrelated genomic sites, indi-
cates that LOH events were induced by the stress, not merely se-
lected as better survivors of a particular stress. Their results dem-
onstrate stress-inducible loss of heterozygosity, which decreases
genetic complexity of an individual but increases phenotypic di-
versity of the population. Though often deleterious, LOH can
confer adaptive/proliferative outcomes (7), including, as noted,
cancer development (5). Thus, Candida may have an enhanced
ability to evolve speciﬁcally in an environmental/adaptive tight
spot when it is stressed.
Each stressor increased some LOH types more than other
types, indicating that the different stressors stimulated different
mechanisms of LOH. H2O2, which damages DNA and proteins,
increasedshort-tractandlong-tractLOH,implyingthatHR,most
probably DSE repair, was increased. H2O2 could have caused
DSEs directly or might alter the cellular enzymatic milieu via in-
ductionofstressresponses,andthesemightpromoteHRandBIR.
Heat increased whole-chromosome loss, possibly perturbing
chromosome segregation machinery. Fluconazole increased both
whole-chromosome loss and long-tract LOH. Whether these
stressorsincreasedLOHeventsviaactivatingstressresponsesthat
upregulate LOH-generating pathways is not known. Identiﬁca-
tionofstressresponsesthatmightcontrolLOH-promotingmech-
anisms is an intriguing area for further exploration.
There are obvious and less-obvious parallels between stress-
induced LOH in Candida (3) and stress-induced mutagenesis
mechanisms observed in bacteria, yeasts, and human cells (2).
Obviously, regardless of how or why they evolved, both will gen-
erate variation in populations speciﬁcally when they are mal-
adaptedtotheirenvironments,thatis,whencellsbecomestressed.
This paradigm, in which generation of variation can be environ-
mentally responsive and variations temporally clustered (8–10),
differs fundamentally from previous purely probabilistic models
in which mutations and phenotype variations occur constantly
andgraduallyovertime,uncorrelatedwitheachotherorenviron-
mental input (1). See reference 11 for discussion of the environ-
mentally responsive model, previous arguments against it, and
FIG1 Recombinationalroutestolong-tractlossofheterozygosity.LinesrepresentstrandsofDNA;dashedlinesindicatenewlysynthesizedDNA;ovalsindicate
centromeres; “Mom” indicates one homologue, and “Dad” indicates the other. (A) In somatic cells, reciprocal recombination between replicated homologous
chromosomescauseslossofheterozygositywhenrecombinedchromosomessegregatewithunrecombinedones.Becausesegregationisrandominsomaticcells,
this is frequent. (B) Break-induced replication, or BIR, can cause loss of heterozygosity. Although the same chromosome is usually used in BIR repair of a
collapsed replication fork (mom here; not shown), occasional use of the other (dad) chromosome can cause LOH.
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sive but less current review.
Less obviously, the results obtained by Forche et al. (3) sug-
gestapossibleparallelwiththebest-understoodstress-induced
mutagenesis mechanism and a solution to a previous enigma.
DSB-dependent mutagenesis was discovered in Escherichia coli
as a stress-associated pathway (12, 13), then demonstrated and
elaborated in baker’s yeast (14–18), where it appeared to be
stressindependent.Inbothorganisms,DNApolymeraseerrors
made during acts of DSE repair via HR persist and become
mutations.InE.coli,DSErepairsynthesisishighﬁdelity(non-
mutagenic) in unstressed cells but switches to a mutagenic
mode, using specialized error-prone DNA polymerases, DinB,
Pol V (19), and Pol II (20), during stress that activates the
RpoS-controlled general stress response or if the RpoS tran-
scriptional activator of the response is upregulated artiﬁcially
in unstressed cells (11, 21). That is, the general stress response
throws a switch that licenses the use of error-prone DNA poly-
merases in DSE/DSB repair, promoting mutations under
stress, when cells are poorly adapted to their environment (11,
21). This switch is not needed for the repair itself (11, 21) and
might be an evolution-enhancing mechanism. In baker’s yeast,
however, essentially all acts of DSB repair via HR seem to be
mutagenic independently of any known stressor other than the
DSB. Moreover, the kinds of DSE repair events that provoke
DSB-dependent mutagenesis in baker’s yeast are the same as
thosethatinduceLOH:geneconversions(14,16,17),probably
reciprocal recombination, and BIR (18), and they do so using
either a specialized error-prone DNA polymerase (15) or a
housekeeping DNA polymerase(s) (17, 18). Hence, yeast DSB/
HR-dependent mutagenesis was not known to be stress induc-
ible.
The results obtained by Forche et al. (3) suggest that DSB-
dependent mutagenesis may be stress inducible in both bacteria
and eukaryotes. They show that LOH caused by HR (probably
DSE repair) is stress inducible, implying that DSEs and/or HR is
stress inducible. Thus, DSE/HR-dependent mutagenesis seems
likelytobestressinducibleinyeast,asitisinE.coli,albeitwiththe
stress inducibility controlled at a different step in the mechanism.
If baker’s yeast is like Candida, then either DSEs or their appar-
ently constitutively mutagenic repair would be expected to be
stress inducible, whereas in E. coli, repair is constitutive but its
mutagenicityisstressinduced,controlledbyRpoS(11,21).These
apparently separate evolutions of mutagenic DSE repair/HR may
converge on a similar biological outcome, stress-inducible
mutagenesis-associated DSE repair. Linking mutagenesis to DSE
repair in a stress-inducible process could provide two evolution
accelerators: the ability to make mutations speciﬁcally when mal-
adapted and the ability to make them locally in DSB repair zones,
which could promote concerted evolution (multiple changes)
withingenesandlinkedgenes(21,22),asigniﬁcantlimitingfactor
in protein evolution.
The work of Forche et al. (3) introduces a new dimension to
stress-induced generation of variation, which can potentially fuel
evolution speciﬁcally when populations are poorly adapted to
their environments: stress-induced diversiﬁcation by LOH. This
adds to stress-induced mutagenesis (2) and stress-induced gener-
ation of phenotypic diversity by the unmasking of protein diver-
sity during stress when chaperones become less available and by
other protein-based mechanisms (23). The authors note also that
previous observation of aging-induced LOH in yeast (24) may
reﬂect accumulation of stressors in aging cells and stress-induced
LOH.Theirworkbegsmanyintriguingquestions,includingwhat
role,ifany,stressresponsesplayintheLOHmechanismsinduced,
which speciﬁc mechanisms underlie each speciﬁc LOH type ob-
served, and how stress or stress responses promote them.
The two-way pull between genotype and environment that
drives evolution appears to include feedback and responsiveness.
The concepts of feedback and responsiveness were absent at the
dawn of our understanding of genetic mechanisms underlying
evolution (1), which, after all, predated molecular biology. But
these concepts make sense to students of biological mechanisms
and their control. Discerning underlying molecular mechanisms
revealed this ﬂuid, responsive view of mutagenesis and protein
diversity (2, 23). The underlying mechanisms will be eagerly
awaited for LOH in the future.
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